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ABBREVIATION S

ACh, acetylcholineADNFLE, autosomal dominant nocturnal frontal lobe epilep@sy,
action potentialAP5, D()-2-amina5-phosphonepentanoic acid; CNQX,-6yana7-
nitroquinoxaline2,3-dione; CTRL, controltransgenianice note x p r e s-8287;dEcadh,2
reversal potential of GABAergic currents;2, frontal are&; GAD, glutamic acid
decarboxylaseKCC2, K*/CI" cotransporte®; nAChR, nicotinic acetylcholine receptor;
NKCC1, Na'/K*/CI" cotransported; PB, phosphate buffer; PBBhosphate buffered saline;
PFC prefrontal cortex; Rireticular thalamic nucleus; SSomadosensory cortexfH,
thalamus;TTX, tetrodotoxin; tTA, tetracyclineontrolled transcriptional activatovB,
ventrobasal thalamic complex; VL.@entral laterathalamicgeniculate nucleys/ .s; resting

membrane potential; WT, wild type.



ABSTRACT

The Nd/K*/CI" cotransportefi. (NKCC1) and the KICI” cotransporte® (KCC2) set the
transmembrane Cgradient in the brain, and are implicated in epileptogenesistidesd

the postnatal distribution of NKCC1 and KCC2 in wilghe (WT) mice, and in a mouse

model of sleep el at ed epi | ep s y;V28CLasubunit of thgnicothie mut ant
acetylcholine receptor (hAAChR). In WT neocortex, immunohistochemistry shaweade

distribution of NKCCL1 in neurons and astrocytes. At birth, KCC2 was localized in neuronal
somata, whereas at subsequent stages it was mainly found in the somatodendritic
compartment. The cotransportersonteexpression
transgenic strain. KCC2 expression increased during the first postnatal weeks, while the
NKCC1 amount remained stabl &287LathetKEC2 bi rt h.
amount in layer V of prefrontal cortex (PFC) was lower than in the controfiidtes at

postnatal day 8 (P8), with no concomitant change in NKCC1. Consistently, the GABAergic
excitatory to inhibitory switch -WX&A. Ael ayed
P60, the amount of KCC2 was instead higher in mice bearing the tn@ndigespective of

genotype, NKCC1 and KCC2 were abundantly expressed in the neuropil of most thalamic

nuclei since birth. However, KCC2 expression decreased by P60 in the reticular nucleus, and
mor e so i n mi-v&L. eherpforee 3 mpheggalditd?y interplay occurs

between heteromeric NAChRs and KCC2 in postnatal forebrain. The pathogenetic effect of

b 2/287L may depend on altered KCC2 amounts in PFC during synaptogenesis, as well as in

mature thalamocortical circuits.

Key words: ADNFLE; b2-V287L; GABAergic switch KCC2; prefrontalcortex reticular

thalamic



INTRODUCTION

The Na/K*/CI" cotransportef. (NKCC1) and the KCI cotransporte® (KCC2) are major
regulators of the intracellular Gloncentration ([C];: Kaila et al., 2014 In developing
brairs, the comparativelyargeamountof NKCC1 in neurons and astrocytesmuses a high
[CI7]i, whichmaintainsthe reversal potential dfie GABAA receptorcurrents(Ecaga) at
depolarized value@Ben Ari et al., 200). Under these condition§ABA releaseroduces
depolarizing effectthatmodulateneuronal maturation argynaptogerss (Ben Ariet al.,
2007;Cancedda et gl2007). Around birth KCC2 expression progressively incread®s.
lowering [CI]; KCC2leads Eagsa to thetypical hypeipolarized valueobservedn the adult
brain Rivera et al., 199%aila et al., 2014a)n murine neocortexs uc h 6 GABAer gi ¢ s
occurs during thérst two postnatal weekBeingconcomitant with the formation of
GABAergic synapses (Takayama and led2010) it is thought taegulatethe postnatal
maturation oheuronal circud (Ge et al., 2006BentAri et al., 2007).

The balancef abundance and activity of NKCC1 and KCC2 is implicated in
epileptogenesias well as in theompensatoryesponses olksvedin hyperexcitable networks
(Khirug et al., 2010Kaila et al, 2014). In fact, genetic variantsf thesecotransportes are
linked to human idiopathic epilepsy (Kahle et al., 2014; Puskarjov et al., 2Bf#@psy,
however,compriss a heterogeneauspectnm of disorders (Jensen, 201Therole of
NKCC1 and KCCaas beemxtensivelystudied inparietal and temporal lobe epilepsy
(Dzhala et al., 200%ronica et al.2007;Pathak et al., 2007; Li et al., 2008; Zhu et al., 2008;
Talos et al., 2012Awad et al.2016; Karlécai et al2016), but notin frontal epilepg. The
latter presents diinctpathophysiological featurgparticularly in relatiorto the sleepwvaking
cycle. In frontal lobeepilepsy sleep favors focal seizures, but tio# occurrece ofsecondary
generalizationTheoppositeholds inthefocal epilepsies originating iother cortical regions
(Shouse and Quig@008).

To address these issyeg focused on Autosomal Dominant Nocturnal Frontal Lobe
Epilepsy (ADNFLE) the mendelian fon of hypermotor sleepelated epilepsyvhichis
characterized bfocal hyperkinetic seizuresiainly occurringduringnonrapid-eye
movemensleep(Tinuper et al., 2016 ADNFLE is frequently caused by point mutations on
genes coding fod  osuburfits othe neuronahicotinic acetylcholine receptor AChR;
Tinuper et al., 2026 In the mammalianeocortexthe most widespredukteranericnAChR
is U 4 paddthe firstADNFLE mutationsdentifiedon these subunits weté4S248F
(Steinlein et al., 1995) arfil 2/287L (De Fusco et al., 2000n heterologous expression

systemsADNFLE mutations often increase the nAChR functianleast in the heterozygous
4



state by augmentingts sensitivity to the agonists causingotherkinetic alterations
(Becchetti et i, 2015).Previous studies ome¢ firstconditionalmurine model of ADNFLE
expresgg b 2/287L in the brain under control of a tetracycline promateggest hat the
transgeneouldexertits effectsduringsynaptogenesidManfredi et al., 2009Mice carrying

b 2/287L developspontaneous epileptiform seizurewstly occurring during periods of
increased delta electroencephalographic actiwitych istypical of slowwave sleep.
However, br the epileptic phenotype to manifdst2/287L must beexpressdthroughout
brain developmentntil the end of the second postnatal week (Manfredi et al., 200683e
resultsagreewith recentlines of evidencsuggesting thateverahAChR subunits, including

b 2djsplay a peak of expressibetween the second atidrd postnatal weeks in neocortex
and hippocampu@ansvelder and Role, 200Btolas and Dierssen, 2014). It has thus been
suggested that nAChRegulatesynaptogenesigven thoughheunderlyingcellular
mechanismare largely unknowMolas and Diersse 2014) Nonethelesshe spontaneous
NAChR activity affects the developmental GABAergic switch in neuronal cultures (Liu et al.,
2006) In fact,bothb ZontainingnAChRs (ozada et a).2012)and KCC2(Li et al., 2007;
Fiumelli et al, 2013;Puskarjov et al2014) arenvolvedin maturation andemodeling of
dendritic spinesMoreover rats expressingnother NAChR mutation linked &DNFLE (i.e.

U 45284L) displayan alteredcK CC2/NKCC1 messenger ratiygmada et al., 2013Hence,

we hypothesizethatan ear |l y regul at or y-cdnfaining nAChRshAnd e x i s
the CI cotransporters, which could have letegm effects on neocortex circuitsdan
excitability.

The timing of NKCC1and KCC2appearance ineaortex and thalamus (TH) was
previouslystudiedin rats Clayton et al., 1998; Yan et al., 2001; Wang et al., 2Ba2th6 et
al., 2004; Kovécstel., 2014, mice (Hubner et al., 2001; Steinadt, 2004; Takayama and
Inoue, 201QMarkkanen et al., 20}4and humans (Hyde et al., 2011; Sedmak et al., 2016).
However, no detailed analysis is availalolenousefor associative corticesnd TH nuclei,
the most relevanegionsfor asleeprelated fontal epilepsyTo investigate the interplay
betweend 4 b 2 n A CtheRC§catimmcdransporters, @ firstdeterminedhe NKCC1 and
KCC2 distributionin developingneocortex and TH ofild-type (WT)mice. Next, westudied
if the amount ofthesecotranspaers was alteresh mice expressinfg 2/287L. The
morphological analysiwas coupled witla patchclampstudy of Esaga time course in
prefrontal cortexPFQ layer V, which ishe mossusceptibléo develop epileptiform activity

(Telfeian and Connors, 98). Our results Bow thataltering the function ob zZzontaining



NAChRsaffectsK CC2 expressiorduring postatal development, argliggesthat this
mechanism may contribute to epileptogenesis.



EXPERIMENTAL PROCEDURES

Animals

Mice were kept in pathogefree canditions with a 12 h lightdark cycle, and free access to

water and food. Aproceduredollowed the Italian law (2014/26, implementing the

2010/63/UE) andvere approved by the local Ethical Committaadthe Italian Ministry of

Health For themorphologicalanaly®s of WT mice we used33 FVB mice (Harlan)f either

sex,atthe followingembryonic (E) opostnatal (P) day&£14-15 (n=6), P0-2 (n=8); P5(n

=2); P7(n=4); P12P14 (n=9; P19-21 (n = 3); P40-60 (n = 5). The transgenic straive
usedwasthe S3 line of double transgenk/B (tTA:Chrnb2V287L)mice, whiche x pr es s b 2
V287L underatetracyclinecontrolled transcriptional activat@@TA). Thesemicewere

compared with their littermateso t e x p rFVE@& s whitlgwerfe ither WT doearing
TRE-Chrnb2Vv287L or PrnRTA genotypegManfredi et al.2009).For clarity, mice
expressing the tr ans g&23€L,vehile¢he tostrolditermatesare d en o't
denoted as controls (CTRL). The morphological analysis was carried @dtammalf

either sexor eachexperimental groupCTRLa n d-VA87.), atP8 (n=6), P21 (n=6), and

P60 (n=16). Patchclamp recordings were carried out b CTRL (all PrnRtTA) and 96 2

V287L mice, whoseagedistributionis detailed inthe Resuk. No morphological or

electrophysiological differenogas observetetweersexes.

Brain regions

For immundistochemstry and densitometric analysdsy PFCwe refer to theentire
secondary motor regigialso known a$/2, or Fr2)in the dorsomedial shouwgd of prefrontal
cortex According to Franklin and Paxinos (2008pronalprefrontalsectionswverecut
between +2.58 andl+14 mm from bregma-orsomatosensory corte$H, we sampled the
extended SS regidmetween +1.98 and +0.02 mm from bregma. Thalaactions for
reticdar (RT)and ventrobasgVB) nuclei were prepared betwedh58 and-1,8 mm from
bregmaFor patchclamp experiments, coronBFC(Fr2) slices were cubetween +2.68 mm

and +2.10 mm from bregma

Chemicals and drugs

Chemicals and dgs were purchased from Sigmddrich, except foD(-)-2-amino5-

phosphonepentanoic acid (AP5),-Byana7-nitroquinoxaline2,3-dione (CNQX), and

tetrodotoxin (TTX) whichwere purchased from TocfosciencgUK). Stock solutions of
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gramicidin D(100 mg/n) and CNQX (20 mM)were prepared idimethylsulfoxde Stock
solutions ofGABA, AP5, and TTXwere prepared in distilled watestored at20°C, and

diluted daily to the final concentration in our extracellular solution

Tissue preparation forimmunohistochemistry

Postnatal mice were anesthetized with isoflurane andaritaneal 4% chloral hydrate (4
ml/100g, for mice younger than P14; 2/a&00 g for older mice), and sacrificed by
intracardiac perfusion as described (Aracri et al., 2013). EmbrydsidE E5 were quickly
removed from the perfused pregnant mo@gged P4Q)and theitheadsmmersed in 4%
paraformaldehyde iphosphate buffefPB), for 24 h at 4°CNext,brains were removed and
stored br 5 to 10 days in the same fresh fixative. Both erabity and postnatal (until P14)
brains were embedded in 5% agar&eial @ronalbrainsections (50mim thick) were cut
with aLeicaVT1000S vibratome

Primary antibodies

Anti-NKCC1: T4 monoclonal antibody, originated from human colonic crypt (T84 cell)
NKCC1, against the carboxtgrminus M902 to S1212 (Developmental Studies Hybridoma
Bank; 1:100)Anti-KCC2: polyclonal, made in rabbit, against theeg¥minal Histag fusion
protein corresponding to residues 93243 of rat KCC2 (Millipore; diluted 1:600Anti-

VGAT (vesicular GABA transporter): polyclonal, made in rabbit against the synthetic peptide
comesponding to the Xerminal 7587 amino acids of the rat protein (Synaptic Systems;
1:800). AnttVGLUT1 (vesicular glutamate transporter type 1): polyclonal, made in rabbit
against StrefTagRfusion proteins containing the amino acid residues 866 of he rat
VGLUT1/BNPI (brainspecific Natdependent inorganic phosphate transporter; Synaptic
Systems; 1:500). ArfMAP2 (microtubuleassociated protein 2): monoclonal, made in mouse
against the rat brain MAP2 (1:100@nti-neurofilament H, nophosphorylaté: monoclonal,
made in mouse, (SMI32; Sternberger Monoclonals; 1:1000)-@AD67 (glutamic acid
decarboxylase type 1/67kDa): polyclonal, made in goat against the human recombinant
glutamic aciddecarboxylase type 1, rhGAD1 (a®?2) derived fronE. coli (R&D Systems;
1:300).

Immunoperoxydase histochemistryfor light and electron microscopy
The immunoreaction was carried outregorted(Aracri et al., 2010), excephat amild

pretreatment with ethanol (10%, 25%, 10%osphate buffered salineBS was appliedo
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increase the immunoreagent penetratRerction specificity was assessed by negative
controls, e.g. omission of primary antiserum. In these cases, no specific staining was
observedBriefly, sections were examined on a Leica DMRB microscape,images were
acquired using a Leica DCF 480 camera coupled to a personal computer. To geatdeate

1, two independent observers assesseddbr@ansportedistribution in differenbrain regions

At least 3 mice were examinéal each developmealtstage We analyzedtdeast 34

sections for achcortical region (PFC, SSand 56 sections representative of the whole
rostrecaudalthalamicextension Several images were acquired per sectieor.

ultrastructural analysisections were osmicated amubgy-embeddedfter completion of the
Immunoenzymatic procedur@fter polymerization, small areas from cerebral cortex and TH
were cut with a razor blade and glued to blegginblocks for sectioning with a Reichert
ultramicrotome. Ultrathin sections (60 nm) collected on Cu/Rh grids were counterstained
with lead citrateor left unstainegandexaminedwith a Zeiss LEO912AB electron

microscope.

Immunofluorescence listochemistry

Sections were permeabilized and blocked as described for inparaxydasdiistochemistry.
They were next incubated for two nights in a mixture of one/two primary antibodies, after
staining with NeuroTrac&' (1:50, Molecular Probes) and/or before staining with Hoechst
(Molecular Probes), as necessary for cytoarchitecture anahaisell counting. For
NeuroTrac&" staining, sections were treated as previously described (Aracri et al., 2010).
After washing the primary antibodies wiBS sections were incubated in the following
mixture of secondary fluorescent antibodies: indocayanine (Cy)2 (Jackson; 1:200), or
CF™488A-conjugated donkey antabbit IgG (Biotium; 1:200), Cy8onjugated donkey anti
mouse (1:200) or Red¥onjugated donkey antjoat (Jackson; 1:200fpr 75 min at room
temperature. After rinsing, samples were mted on coverslips (sometimes after nuclear
staining with Hoechst) with PBS/glycerol (1:1 v/v) and inspected with a LeicaNTlaser

scanning confocal microscope, to visualize double or triple fluorescent labeling.

Colocalization and censitometric analysis

All confocal micrographs were collectatl40Xwith a Leica SP2 laser scanning confocal
microscopeand analyzed with Imageldlentical parameters were used to acquire images
from cortical and TH areafor the colocalization analysis of NKCC1 with VGAor
VGLUTL, as previously describdéracri et al., 2013). In brief, nonoverlapping pictures
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were acquired it least two different sections foeocortex oifH, so thatdouble
immunolabelingvas studied in 3 or 4 fields per region in each anifa.two-color

colocalization analysis, tissues were excited at 488 and 568mavoid crosstalkhe

fluorescemsignals & Cy2 (green) and Cy3 (red) were detected sequent@dijocalization of

NKCC1 with either VGAT or VGLUT1 was determined by generatingc®iofluorograms
(Bolte and Cordeliéres, 2006y Leica Confocal software, ahown inFigures 2, F.

Generation of a binary mask of image data allowed to seleetdh regiortertain intensity

value pairs in the cytofluorogramshich werdabeledas whte signasin the original images,

to represent merged antigen localizatiéig( 2C, D). For densitometric analysispxtical
layers and THuclei were identified wit NeuroTrac& andor nuclearcounterstainingat
least thredbur distinct images werecquired to sampléhe different areas-or each animal,
the mean fluorescenaetensityof eachimagewas divided bythe number oheurors therein
(counted with ImageJThe values thus obtained were averagewnganimalsbefore
plotting. For thedensitonetric analysi®f NKCC1, we selected fluoresceimages with low
backgroundasshown inFig. 8). The degree of colocalization of KC@2 NKCC1with
different neuronamarkersnvas cal cul ated by comparing
with the JACoP lug-in of ImageJ software (Bolte and Cordeliéres, 2006).

Patch-clamp in brain slices

Mice were sacrificed after deep isoflurane anestheasiad lsainsextracted aseported(Aracri
et al., 2013). Coronal sections (39 thick) were cufrom Fr2 PFC.Experiments were
performed at 334°. Ecasa Was measured witthe perforateghatch methodThe
extracellularsolution contained (mM)t35 NaCl, 21 NaHCg) 0.6 CaC] 3 KClI, 1.25
NaH,PQ;, 1.8 MgSQ, 10 Dglucose, aerated witd95% Q and 5% CQ (pH 7.4).Pipette
containedmM): 140K-Gluconate, 5 KCI, 1 MgGJ 2.5 BAPTA, 10 HEPESH 7.25

(adjustedwvith KOH). Gramicidin (up to 20 ug/mL) was only added to the solution fillimey t

pipette shankBorosilicate (Science Products)aropipettes (23 Mq ) were prepared with a

P-97 Micropipette Puller (SutterflABA was appliedonto thecell somapy pressure ejection

through a micropipette connected thlarishige IM3 micranjector. The recording apparatus

was as described (Aracri et al., 20IIMe conmparison of theaction potential (AP) firing of

pyramidal neuronsimi c e e x pr e s\&87hwas camiedotonta sepafate set of

t

experimentsThe resting membrane potentisl{s) was measured in open circuit mode soon

after patch rupture. Spikeidth was measured at hamplitude betweeAP threshold and
peak. Afterhyperpolarizatiorwas calculatedsathe difference between the most negative

10
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potentialreached after repolarization and #ie threshold Capacitance anskries resistance
(up to~75%) were always compensatdtsaga Was determined by applying five consecutive
0.5 s voltage ramps froA0 mV to-20 mV (or-85 mV to-40 mV), in either presence or
absence of GABA (100 uM)he background currents were subtracted from the currents
obtainedn the presence of GABAdolding potential was68 mV. Measurements were

carried out in the presence of extracell@@iX (0.5 pM), to block voltagegated Na
currents AP5 (50 uM) and CNQX (10 uMXo block ionotropic glutamateeceptorsNo leak
subtration procedure was ever applied. No correction for junction potentials was applied to
the reportedralues of membrane potenti@®latawereanalysedwith Clampfit 10.6 (Molecular
Devices), and OriginPro 9.1 (OriginLab).

Statistical analysis

Data aregivenas mean values standard error of the mearhe number of experiments (is)
the number ofestedmice Comparisons between twodependenpopulations were carried
outwithunp ai r e d Sdstuafter testinips datanormalty (with a Kolmogorov

Smirnov tes), and variance homogeneifyith F-tes). In case of unequal variances, the
Wel chds cor r e @&l determinavomscaraed qut in celld from the same animal
were averaged, to avoid bias from nested datag@\et al., 201). In thefigures,p values are

i ndi ca(e dAOGO BT (prO0 . YOUnless otherwise indicated, detailed

statistics are given in the figure legends.
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RESULTS

We firststudiedthe overall pattern of postnatal expression of NKCC1 and KCC2 in WT mice,
asno previous systematic study is availaldermhouse forebrain. Next, wevestigatedhe

effecto f -VR&ZL expressionothec ot r an s p o r besvees the sacond and thes

third postnatal week (i.¢hecritical stages of synaptogenesis), and intagice. Because
ADNFLE is a sleepelated epilepsy with frequent implication of the frontal regions, we focus

our study orbothPFC and TH, and use SS as the classical reference cortex.

Distribution of NKCC1 in postnatal cortex and TH of WT mice

Immunopeoxidase localizatioof NKCC1 is shown irFig. 1 for neocortex and TH, diirth
(PO-P1) and P19P21(i.e. after completion of synaptogenésisor PFC and SS,
representative images are respectively display&iginlA, B (P0-P1), andFig. 1C, D (P19
P21). NKCC1was widely distributedh neocortexsince birthwith no cleardifferences
amonglayers.As for TH, the NKCC1immunoreactivitywasstronger ananorestablein the
anterior and posteridrH nuclei (i.e. the specific nucleiExamplesat PGP1 and P3-P2lare
shown respectivelyin Fig. 1E and1F. In generaljmmunoreactivity resulted stable in the
different nuclei up t@dult stages.

In agreement with previous findingsKCC1 was generally found in botastrocytes
(labeledfor GFAP; data not shownand neurongHUbner et al., 2001IYan et al., 2001;
Wang et al., 2002)n the neocortexthe markedradial pattern of labelinodicates intense
expression in the apical dendrites of pyramidal neurons at botRPP1¢ig. 1C, D), and
P60(Fig. 1G), andfainter labeling incell bodies Fig. 1G). Such pattern was confirmed by
confocal analysisas indicated by theepresentative images for SBownin Fig. 2A (P2 and
Fig. 2B (P60. In TH, strongimmunoreactivity was also observed in thin and thick fiber
bundles (such as those of internal capdtilg; 1H).

Ultrastructuralanalyss alsorevealed NKCC1+ synaptic boutomsadultneocortex
and TH(an example is given iRig. 11). The neurochemical nature of these synaptic
terminals wasnvestigated bytudying the olocalization of NKCC1 with either VGAT
(which labels GABAergit¢erminalg, or VGLUT1 (which labelghe majority of glutamatergic
terminals;Graziano et al., 2008Representative images for the neocoaeR60are shown in
Fig. 2C (NKCC1/VGAT), and Fig. 2D (NKCC1/ VGLUTY). The degree atolocalization
was estimated bgenerating the correspondi@® cytofluaograms asillustratedin Fig. 2E
(NKCC1/VGAT), and2F (NKCC1/VGLUTL1). The colocalization puncta are indicated as

white spots irFig. 2C, D. In the mature neocortex, the overlap between NKCC1 and VGAT
12



wasalwaysweak Il n particul ar, the calFg.kCa&g&wasd M2 Ma
0.088. Ahigher degree of colocalizatiemasgenerallyobserved for NKCC1 and VGLUT],

particularly in adulPFC(Fig. 2D, F). The calculated M2 coefficient fétig. 2D, F was 0.8,

indicating that 80% of the VGLUT1+ synaptic terminals also displayed the NKCC1 signal.

On the other handn TH nuclei, NKCC1+NGAT + boutons wer@nly transiently observed

in the seond postnatal weegklatanot shown)

Distribution of KCC2 in developing cortex and TH of WT mice

TheKCC2distributionat different postnatal stagesillustratedin Fig. 3. Clustes of afew
KCC2 positive ¢) neuronsvereobservedat POPL in PFClayerV, andmoreabundarly in
SS,along withan intensemmunoreactivityin the marginal zoné~ig. 3A, B). The overall
KCC2immunoreactivity was stronger BL3P21 fig. 3C, D). In TH, conspicuous labeling
at birth was detected throughout the neuropil, pkt@ RT (Fig. 3E). The anterior TH group
displayed the highest labeling, followed by the posterior group and by the medial/intralaminar
group. Such a distribution pattern was preserved atf219Fig. 3E, F), whenRT was
almost devoid of KCC2 in its cémal region, whereas the lateral and medial bordesigayed
a fair labeling(Fig. 3F). These results suggest that KCC2 is express@&tl earlierthan in
theneocortexThis was confirmed biKCC2 immunofluoresceteat E14E15,which showed
afaint KCC2 dgnal in frontal and pariet@replate isocorticed=(g. 4A, B), butamore
conspicuousabelingin the ventral (especially the ventral laterahgulate nucleus, VLG,
Fig. 4D) and dorsal THKig. 4C, D).

Differently from NKCC1,KCC2 wasonly expressed imeuronsand dendritegFig.
3G-J), and itsdistribution becam@creasingy polarizedduringdevelopmentin the
neocortexKCC2 was mainly confined to threeuronal cell bodiegiuringthe first postnatal
week(Fig. 2A; 3A, B, G, 4E, G). At P19P21(Fig. 3C, D), the transpder was alsdoundin
the dendritic neuropilandoutlinedthe cell membranesas can be better appreciatedFig.
3H, at a higher magnificatiorA similar pattern wasbservedn the mature cortefig. 2B;
4F, H). In TH, suchdistribution shift occurred before birtfFig. 4C, D), and postnatal
neuronsshowed maximal KCC2 expressionthe neuropili.e. dendrieg, even inthe
scarcely labele®T (Fig. 3J; 4l).

As for the neurochemicalatureof KCC2+ neurosin neocortexduring thefirst
postnatal weekoth pyramidal neurons ar@ABAergic GAD67+ neurongFig. 4E, G)
showed cytoplasnic immunoreactive puncta, probably vesichbjch alsospreado

proximal dendritesAfter P7, KCC2 mainly outlinedthemembrane opyramidalneurors
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(labeled withSMI32; Fig. 4F), whereasn GAD67+ structures (i.e. comprising neuronal cell
bodies, processes and punckJC2 was confined to thdendritic shaftsKig. 4H). A
differentpatternwas observed in TH. Th&ABAergic neuronswhich weremainly
concentrated in RTgenerallyshowedaweakKCC2 expressionAn exception was
constituted by thelendrites of the GAD67¢eellslocated on the medial border of RAig.
41). KCC2 washoweverintensely expressed by the dendritic neuropil oT Blineurons Fig.
3E, F, J; 4l).

A semiquantitative summary dhe distribution oNKCC1 andKCC2in PFC and

TH, as obtained by immunohistochestny at the relevant ages, is reported able 1

T h e -VB8ZL nAChR subunit altered the timing of KCC2 expression
To definemore rigorouslythe spatiotemporal distribution BICC2 at thecritical postnatal

stagesas well as the ratio between KCC2 and NKCg&tlensitometric analysigas

performedon confocal sectionE r om mi ce expr es4/28ALYyandthee t r ansg

controllittermates (CTRL)Because the maturation of synaptic circuits is accompanied by an
increase in NAChR subunit expression between the second and the third postnatal weeks
(Molas and Dierssen, 2014), we compared P8, P21 and adult (P60)3isstiens wex
labeled for KCC2 antleuroTracé", or Hoechst 33258 he intensity o/ CC2 fluorescence
wasdivided by the number of celidentified witheither marker

Fig. 5 shows the results obtained in the neocortex aFRB %A-D), P21 Fig. 5E-H)
and P60Fig. 5I-L). The time course of KCC2 expressiorthe transgenic straivas
consistent with the ongbserved in WT mice~or examplein CTRL, the densitometric
values in PFC layer Yhcreased by more than 63¢tween P8 (09t 0.014 n =3 and P60
(0.81 £ 0.05; n = 8; p < 0.01 with unpaireetést; DF = 9, confirming the progressive
increase of KCC2 amouafter birth (cf. Table 1)The main differences betweén2/287L
andCTRL micewere observed in PF@yer V, wheresmaller amounts of KCC2 were
observed aP8 inb 2/287L mice(Fig. 5C). Such difference disappeared by REly. 5G),
andthe effect was reversed at P6hamKCC2 expressiowassignificantlyhigherin b 2
V287L mice (Fig. 5K). In particular,in layer V, the ratidbetweerthe mean KCC2
fluorescece per celin CTRL andb 2/287L decreaseffom ~1.32 (P8) to ~0.83 (P60). At
the same agesoprdifferences were found the KCC2 amounts SS (Fig. 5D, H, L).

To test whether the higher KCG¥28Amount
mice could be pdly ascribed to changes in the GABAergic neuronal populations, we
analyzed the colocalization of KCC2 with GADG@.PFC layer \ at P60we observedhe
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typical KCC2+ outlines around the cell bodies of pyramidal neueigs4F), in WT (Fig.
4H), CTRL (Fig. 6A-A $a n d-VABA (Fig. 6B-B @ [N GAD67+ neuronsKCC2
expression wagenerally scarc@-ig. 4H, 6A-A §, althoughsomecolocalization was
observed irb 2/287L (Fig. 6B-B § Hence, lhe higher KCC2 amountbserved inthe PFCof
a d u I-M287b rAicecoud partlydepend ora differentexpression itGABAergic neuroal
subpopulationTo determinehe contributiorof GABAergic cellsto thetotal KCC2
incrementwe quantiied the overallcolocalization of KCC2 and GADG(I.e. comprising
neuronal cell bodies rpcesses and punctdhedegree of overlaprasdefined by Mland
M2Mander s 6 auedsrotsignifieantlyd#ferent betweelCTRL andb 2v287L
mice At P60,in PFC layer VM1 (thefractionof colocalization orthetotal KCC2+ signal)
was0.17139 + 0.00565 CTRL, and0.17008 + 0.00748 b 2/287L (p = 0.895 with
unpaired-test; n = 3; M2 (thefractionof colocalization orthetotal GAD67+ signal\was
0.36657 + 0.0093% CTRL, and0.35333 + 0.0115/h b 2/287L (p = 0.423 with unpaired
t-test; n = 3.

In TH, our densitometric analysis was focused on RT and on the main somatosensory

relay nucleus VB. Once again, this analysis wasistarg with the pattern observed in WT

(Table 1). For example, in CTRL, the mean fluorescence intensity per cell in RT was 0.85 £

0.07,at P8 (n =3),and 1.7 £ 0.04, at P60 (n = 3; p < 0.001, with unptasdDF = 4).

Representative images at P60 sttewn inFig. 7A-B. In both nuclei, no significant

differences were observed between genotypes at early postnatal stages (not shown). However,
at P60, the average KCC2 amU2a8imice muoparechts ed i n

CTRL (Fig. 7C). Because in RT the KCC2+ sigvaas always confined to the GAD67+

dendritic neuropilfig. 4) , no anal ysis of overlap by

b 2/287L did not changeNKCC1 expression.

Because [C]; is regulded by both KCC2 and NKCCbur densitometric analysiwas
extended tdNKCC1, in PFC and THat P8 and P6(Fig. 8), i.e. the regions and ages
di splaying alter «/27LKMTE€TO thes puopose, twe usédan T4 b 2
antibody against NKCC1, whickasalsoemployed for the analysis of developing WT
forebrain(Fig. 1, 2). This antibodywas previously used in rodent neocorteppocampus
andbrain stem(Yan et al., 2001; Marty et al., 200@g et al., 2006;iu and WongRiley,
2012 and presents a very good specificity (Chen et al., 260resentative imagare

shownin Fig. 8A, C, E, G. In PFC,NKCC1 expressiopresentecho significantgenotype

15

Ma nd ¢



dependenélteration at P8Hig. 8B) and P60Kig. 8D). Similar results were obtainéad TH
(Fig. 8F, H).

b 2/287L delayedthe GABAergic switch in PFC layer V.

Theimmunofluorescence results show thatrtardedexpressiorof KCC2in PFC layer V
of b 2/287L micewas not accompanied by major changes of NKCC1. We thus hypothesized
that a lower ratio betweendlamounts of KCC2 and NKC@buld be associated with
delayed GABAergicwitch. This was tested by measuriBgasa in pyramidal cellof PFC
layer V, in brain slicesfrom P8 P9 and adulimice (older thanP40). Layer V is prominent in
the premotor FrPFC andpresentdarge pyramidal neurorthatare well recogniablesince
early postnatal stageEhe morphological anelectrofnysiological propertiesf these
neurons were previously described in dgt@riacri et al., 20102013 2015. In brief, they
dispgay regular spiking with frequenciégtween 10 and 30 Hz antbderateadaptationin
the presence of depolarizing stimuli of 150 to 300 pie electrophysiological features of
these cellare reportedh Table 2, for a representativeample of P3P50 mcebearing or

n o t-V2B872. No statistical difference was observed betw€gfRRL andb 2/287L in Ve
spike width, the ratio between the fourth and the first spike inteevadmfter
hyperpolarizatior{with unpaired-test) Similar values wereneasuredn the second postnatal
week(data not shown)in suchpyramidal cellswe measured &ga With the perforateghatch
method, to avoid perturbing [Tl Representative GABAergic current tracdsained by
applying voltage rampisom -85to -40 mV (or -80to -20 mV, atP8P9) are displayed irfrig.
9A, for the indicateeéxperimental group During brain maturatiorEgaga progressively
hyperpolarizd, shifting from-48.6 £2.03mV at P8P9 (15 cellswere sampledfom 5 mice)
to-58+ 1.7mV in adult mice 81 cdls, from 10 mice; p < 0.01, compared witie younger
mice unpaired ites). A similar pattern was observ@dadultb 2/287L, whereEgaga Was-
56 £2.5mV (13 cells from 5 mice;not statistically different fron€TRL, with unpaired-
tes). However, aP8P9, inb 2/287L mice Egaga Was more depolarized thantime controls
(-42+ 1.65mV; 11 cells fromd mice; p < 0.05, compared with CTRWith unpaired-tes).
These data amummaizedFig. 9B. Theyshow that, ilPFClayer V, the time course of
Ecaeahy per pol ar i zat i ev/A87lwracs, in dgeeensegt eithour n b 2

immunofluorescence results
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DISCUSSION

We have analyzed the distribution of NKC@id KCCz2in the murine neocortex and TH, at
different developmental stages. The study was carried dudtbriWT and a transgenic

murine model of ADNFLE. The main finding was that mice carrying the mutant nAChR

s u b u nM287L displayed a delayed surface expression of KCC2 (but not NKCC1) in PFC
layer V, during the first postnatal weeks. This led to a temtslecrease in the ratio between
KCC2 and NKCC1, which was accompanied by a retarded GABAergic switch. Moreover,

e x pr es s-VBH wasfalsofc@related to changes in KCC2 expression in adult PFC and

RT thalamicnucleus.

Regional distribution of NKCC1 and KCC2 in postnatal neocortex

Previous work in rodents revealed a complex timing and cellular distributidKGC1

expression, in different brain regioM$éonetheless, our data agree with the frequent

observation that thlKCC1 messenger and protegach the highest amounts in the

neocortex between P7 and P21 (Plotkin et al., 1997; Clayton et al., 1998; Yan et al., 2001,
Wang et al., 2002; Dzhala et al., 2005). Whether these levels of expression are retained in the
adult is more controversial, as ués depend on species as well as on the used antibodies and
probes (Plotkin et al., 1997; Clayton et al., 1998; Hibner et al., 2001; Yan et al., 2001; Wang
et al., 2002Pzhala et al., 2005 Our results in both WT and transgenic mice suggest that the
suiface amount of NKCC1 remains overall stable in the mature PFC.

As for KCC2, at birth it was specifically localized in the marginal zone and
infragranular layers. Its expression increased thereafter, and reached the adult distribution by
the third postnatl week, in both WT and transgenic mice. This process paralleled the
GABAergic switch, which in neocortex and hippocampus is delayed compared to the
subcortical structures (Fiumelli and Woodin, 2007; Kovécs et al., 2014). Once again, our
results broadly gree with previous results in mouse showing K@@€C2 increases in
postnatal stages, although regional exceptions are observed (Wang et al., 2002; Kovacs et al.,
2014; Markkanen et al., 2014)hey also agree with several neystematic determinations in
rat (Lacoh et al., 2013), and human tissue (Hyde et al., 2011). Moreover, we found KCC2
expression to be more precocious in SS. Together with other observations on more specific
markers (Hyde et al., 2011; Aracri et al., 2013), these results supportithrethat PFC
matures more slowly than other brain regions, which could make it more liable to develop
pathologies related to network maturation, such as certain forms of epilepsy and

schizophrenia (Hyde et al., 2011; Lacoh et al., 2013; Kaila et al., 2Rb¥éacs et al., 2014).
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Cotransportersodé distribution in thalamic n
Minor differences were observed in the postnatal amounts of NKCC1 at the tested stages, in
both WT and transgenic mice. A more complex pattern was displayed by KCC2. In WT mice,
KCC2was found in VLG and RT as early as ER45, and conspicuous expression was
observed at birth in all TH nucleTéble 1). Its amount remained relatively stable thereafter,
except in RT, where a transient KCC2 decrease was observed at the end of tbstfiegap
weeks, in both WTTable 1) and transgenic mice (see text). Although no other systematic
comparison of the KCC2 distribution in mouse TH is available, previous evidéswpoints

to early KCC2 expression in TH nuclei (Hubner et al., 2001; bl.eP002; Wang et al.,

2002; Stein et al., 2004; Horn et al., 2010; Markkanen et al., 20ti$)likely reflects the

quicker time course of thalamic circuit wiring, which is complete by-P18 (Amadeo et al.,
2001). In fact, [Cl;is essentially stabley the second postnatal week in rat VB (Glykys et al.,
2009). More specifically, the smalled relay nuclei (comprising the anterior region), show a
rapid maturation that reflects the early establishment of the connections implicated in sensory
map topogaphy (LopezBendito et al., 2003). By contrast, the adult RT is characterized by a
weaker KCC2 immunolabeling compared with the more caudal adjacent relay nuclei (Bartho
et al., 2004). Our results show that such difference is not precocious, but islnaased

postnatal decrease of KCC2 in RT. Although little is known about the development of
synaptic connections in RT (Amadeo et al., 2001; Nagaeva and Akhamadeev, 2006; Hou et
al., 2016), we hypothesize that proper synaptogenesis here requires KCC2 amailartso

those present in other TH nuclei. Subsequently, KCC2 would stabilize at lower levels in the
adult RT, where Eaga is more depolarized than in relay cells (Ulrich and Huguenard, 1997;
Bartho et al., 2004; Sun et al., 2013), and the reciprocalA&#ddc connections lead to
excitatory effects (Sun et al., 2012).

Cellular distribution of NKCC1 and KCC2 in neocortex and thalamus

In neocortex and TH, our confocal and ultrastructural analysis showed wide expression of
NKCC1 in neurons, axons, synaptierminals and astrocytes in agreement with previous
results (HUbner et al., 2001; Yan et al., 2001; Wang et al., 2002). NKCC1 was mainly found
in the apical dendrites of cortical pyramidal neurons and in myelinated fiber bundles in TH,
suggesting that spiic mechanisms of NKCC1 regulation operate in distinct neuronal
compartments (Hubner et al., 2001; Yan et al.,, 2001). Moreover, electron and confocal

microscopy revealed NKCC1 isynaptic terminals. In particular, NKCC1 was found in
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glutamatergic (VGLUT1}terminals especially in adulPFC In contrast, NKCC1 was rarely
found in GABAergic (VGAT+) terminals, except in developing TFhe study of NKCC1
expression and function in presynaptic terminals is still in its infancy. Physiological evidence
indicatesthat presynaptic NKCC1 can stimulate (Bos et al., 2011) as well as inhibit (Shen et
al., 2013) neurotransmitter release, making it difficult to provide a general interpretation of
our results. In immature rat spinal cord, NKCC1 activity enhances traasmatease from
afferent fibers by favoring a GAB#lependent presynaptic depolarization (Bos et al., 2011).
We can hypothesize that a similar mechanism is operant in the developing TH, thus
facilitating the usual depolarizing role of GABA in early stagesontrast, NKCC1 has been
found to inhibit glutamate release in photoreceptors (Shen et al., 2013), a mechanism worth
further investigation in the PFC VGLUT1+ terminals.

At variance with NKCC1, the cellular distribution of KCC2 was different in cortical
and TH neurons. In neonatal neocortex, KCC2 was mainly localized in cell bodies of
pyramidal and GABAergic neurons. During the first postnatal week, KCC2 shifted to cell
membranes and dendrites, even though a significant amount of the transporter negaetai
the surfaceop y r ami d a | neuronsd® somata. This presum
GABAergic synapses around pyramidal cell bodies. Such a pattern is broadly similar to the
one observed in other species (Stein et al., 2004; Dzhala et al. | 2@0%]., 2007; Hyde et
al., 2011; Kovécs et al., 2014). On the contrary, the KCC2 immunoreactivity of TH nuclei at
birth was much closer to the adultds; this i
appears earlier in the Téhlagethan in reocortex. The KCC2+ outlines observed around
pyramidal cell bodies were absent or discontinuous in cortical and TH GABAergic cells,
where KCC2 immunoreactivity was mainly confined to the dendrites. We attribute such
difference to the relatively low averadensity of reciprocal GABAergic terminals among
inhibitory interneurons in neocortex and TH (Pi et al., 2013; Hou et al., 2016; Aracri et al.,
2017).

The eff-¥¢287bfobh2cotransportersd amounts and
In rodent neocortex, the nAChR subunit expression peaks in the second postnatal week, and
recent lines of evidence indicate that synaptic maturation is regulated by7baitdb2-
containing NAChRs (Molas and Dierssen, 2014). Becausadienal nAChR expression is
concomitant with the GABAergic switch, we studie® i2/287L affected the ClI
cotransporter8Between the first and the second postnatal wibekincrease of KCC2
expression was delayed b2-V287L, in PFC layer VSince the effect was not accompanied
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by any alteration oNKCC1, we expected mice expresshity\V287L to also display a more
depolarized Eaga, around P8. In fact, th@ABAergic switch was delayed in theseraalis.
Our data suggest that a regulatory interaction occurs between KCC2 and heteromeric nAChRs
during synaptogenesis. The specific effect observed in layer V is consistent with the fact that,
in this layer, the action of ACh is dominated@i®+containingnAChRs (Aracri et al., 2013;
Poorthuis et al., 2013). Previous work also showed that expresfioa@87L does not
change the amount of heteromeric nAChRs on the plasma membrane (Manfredi et al., 2009).
Therefore, we attribute the action of the mutamiusut to the functional alterations it
produces on nNAChRs, rather than to an overall alteration of NAChR expressiob2Both
containing NAChRs (Lozada et al., 20Mylas and Dierssen, 20Land KCC2 (Li et al.,
2007; Fiumelli et al., 2013) regulate therf@mtion and maturation of dendritic spines by
mechanisms that are thought to invollie actin cytoskeleton. Because activating nAChRs
leads to both membrane depolarization antf ®éux, hyperfunctional mutant receptors
containingb 2/287L (De Fusco eal., 2000) could alter KCC2 expression by interfering with
calcium signals. An alternative explanation is based on the findin@2h&287L, as well as
other ADNFLE mutations, favors the assembly of the tsigh f i n i( thyhAChR 4 )
stoichiometrywithre pect t o t h e bdubtypa (Sdnietrali, 2099). Orig 4an
hypot hesize that the altered proportion of
response to the agonist, could modify the nAChR binding to some regulatory elenent of
dendritic spine machinery, or possibly to KCC2 itself.

Irrespective of the molecular mechanism, the effect we observed around P8 was
transient. At P60, the amount of KCC2 in PFC layer V was highervi287L mice, even
though Eaga Was similar in adalmice carrying or not the transge®cause layer V is
highly susceptible to develop seizures (Telfeian and Connors, 1998), we hypothesize that the
steadystate increase of KCC2 in the mutant is a compensatory mechanism. A higher’local Cl
turnover wouldbe necessary to sustain inhibition in an overactive network, and prevent a
significant alteration of the steady statél€Vels. This explanation would be consistent with
the observation that in chronic epileptic conditions (Pathak et al., 2007; Kat@dai2016),
or peritumoral tissue (Conti et al., 2011), the KCC2 amounts usually increase, which points to
a longterm compensation of hyperexcitability. In fact, deleting KCC2 in mice facilitates
epileptiform activity (Woo et al., 2002; Tornberg et 2005), and mutations impairing KCC2
are linked to human epilepsy (Kahle et al., 2014; Puskarjov et al., 2014). It must be however
recalled that the physiological meaning of the changes of KCC2 expression observed in

epileptic networks is complex andlistiontroversial, as the observed effects depend on the
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pathophysiological context and the studied region. For example, in temporal lobe, acutely
induced epileptiform activity (Rivera et al., 2002; Wake et al., 2007; Puskarjov et al., 2012),
and the induabn of status epilepticus (Pathak et al., 2007; Li et al., 2008; Barmashenko et al.,
2011) produce a chronic decrease of KCC2 surface expression, which is attributed to the
action of higher calpain levels (Kaila et al., 2014Db).

As for the thalamic effectsf mutant NnAChRs, mice bearifig2/287L displayed a
lower KCC2 level in the mature RT nucleus. Differently from the GABAergic cells in adult
PFC, in which the somatic expression of NAChRs is populstecific (Aracri et al., 2017),
the GABAergicRTnewns i n mice express a relatively
NAChRs. These can effectively trigger action potentials, when the cholinergic afferents are
activated (Sun et al., 2013). Therefdrgperfunctional mutant nAChRs could oxsgimulate
RT neaurons and boost calcium signaling therein. As discussed earlier, this could favor a
calpairdependent KCC2 downregulation. Such a mechanism could also be facilitated by the
typical propensity of RT cells to enter into bdiike firing states (Fogerson amtlguenard,
2016).

In conclusion, the retardatiari the GABAergic switch we observed in the PFC of
mi c e c a-v28yLisuggestdtizat the pathogenetic mechanism in ADNFLE comprises
physiological alterations during synaptogenesis that are likely to depend on the integrity of
GABAergic signaling. In thadult, complex alterations of KCC2 expression were observed in
the PFC and RT nucleus of mice expressing the transgene. Understanding the precise
functional meaning of these alterations will require deeper studies on the thalamocortical
excitability of these mice. Nonetheless, the fact that no such alteration was obse8&d
cortex and the other TH nuclei is consistent with the hypothesis that the efi@evVa87L is

specifically related to frontal hyperexcitability during sleep.
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Figure legends

Fig. 1 Topographical and cellular distribution of NKCC1 in developing WT neocortex

and thalamus (TH).

Immunohistochemical localization of NKCC1 in PE& C), SS(B, D) and TH E, F) of PO

P1 (A, B, B, and P19P21 C, D,F) mice. At both stages, NKCC1 was widely expressed in
neocortex and TH, and mainly localized in the apical dendrites of PFC and SS pyramidal cells
(arrowheads i\-D). Both in adulthood (G) anduding development (H) NKCC1 was found

in neurons of both neocortex and TH (arrows in G, H). NKCC1 staining was particularly
intense in cortical apical dendrites (arrowheads in G), and in TH thin and thick axonal fibers,
such as those of internal capsulé)(IRepresentativereembedding immunoelectron
microscopy(TH at P60 in) showed NKCC1n the axons of myelinated fibers (i), some

glial processes (g) and few small synaptic terminals (t) contacting distal dendritesG).
cortical plate DLG, dorsal lateral geniculate thalamic nucleM, marginal zonet-VI,

cortical layersVLG, ventral lateral thalamic geniculate nucle¥BM, ventral posteromedial
thalamic nucleusyPL, ventral posterolateral thalamic nucleus. Scale:d&0 um(A-F); 50

um (G); 40 pm (H)0.5 pm (1).

Fig. 2 Double immunofluorescence of NKCCilwith KCC2, or with synaptic markers, in
WT neocortex.

Representativenages(A, B) combining the NKCCL1 (red) and KCC2 (green) signals,Sn S
(A) At P2,NKCC1 wasfoundubiquitousy, especially in the neuropil; KCGanly displayed
punctate labeling in the somatodendritic compartment of a fraction of neuravesja(B)

At P6Q KCC2 and NKCC1 weréoundin the apical dendrites, btlteir distributionscarcely
overlaped.KCC2was coffined to thecell surface around neuronal cell bod{asterisks in
B) andproximal dendritegarrowheads in B)n the same dendritedKCC1 showed a more
diffuse, cytoplasmic distribution(C) Colocalization of NKCC1 (red) and VGAT (grgeim
SS @ P60. (D) Colocalization of NKCC1 (red) and VGLUT1 (greem PFC at P6QE, F)

2D cytofluorograms showing the colocalization puncta in the region of interedbéed by
theyellow ellipsoid) for NKCC1/VGAT E) and NKCC1/VGLUTL1 (F). These puncta are
reportal as yellow/white signals in the merged immunolabeling imageB)Qyhich
represent high magnification detagigvering about onthird of the entirefields acquired for
colocalization analysisAt P60, very few terminals displayed both NKCC1 and VGAjhal
colocalization (C), whereas the degree of colocalization between NKCC1 and VGLA$T1

much stronge(D). Scale bars: 20 um.
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Fig. 3 Topographical and cellular distribution of KCC2 in postnatal WT neocortex and
thalamus (TH).

Immunohistochemical kalization of KCC2 in P&P1 (A, B, E) and P1®21 (C, D,  mice.

At birth, KCC2 was mainly confined to the neuronal cell bodies in PFC (A) and SS (B), and
clusters of KCC2+ neurons were mainly found in layer V (arrows-B) AAt P13P21,

KCC2 was distributethroughout the neuropil in PFC (C) and SS.(I2 TH nuclei, KCC2

was already present at4d in the neuropil of all regionsxcept RT (E At P21, KCC2
expression in TH slightly decreased (F), and only a weak immunoreactivity was observed in
the laterband medial borders of RT (Ffhe immunoperoxidase localization of KCC2

showed its presence only in the neuronal cells and den(®ités At P2 in PFCKCC2 was
localized in multipolar neurons (arrows@®). Subsequently, KCC2 became distributed & th
neuropil and outlined cell membranes (arrowBl)nas shown also by immunoelectron
microscopical localization (1), where it was exclusively observed in cell bodies (CB) and
proximal dendrites (D)n TH (J) KCC2 was mainly expressed by the dendriticropil, even

in the scarcely labeled RN, nucleus CP, cortical plate DLG, dorsal lateral geniculate
thalamic nucleusyiZ, marginal zonel-VI, cortical layersVLG, ventral lateral thalamic
geniculate nucleud/PL, ventral posterolateral thalamic nucteMPM, ventral posteromedial
thalamic nucleus. Scale Isafl50 pm(A-F); 40 um (G, H)2 um (1); 80 um(J).

Fig. 4 Localization of KCC2in developing WT forebrain.

A-D Topographical distribution of KCC2 in prenatal WT forebrain. Immunofluorescence
staning for KCC2 (green) in embryonic (EEL5) cortical (A, B) and thalamic (C, D)

tissues; nuclei were stained with Hoechst (blue). KCC2 immunoreactivity was faint in frontal
(FC) and parietal (PC) pyglate isocortex (A, B), but strong in the rostral (6Yl @audal (D)
thalamicanlage.

Double immunofluorescence in SE, (G), PFC £, H) and TH (). Representative images are
shown for KCC2 (green) and MAP2 (red) at B, (KCC2 (green) and SMI32 (red) at P40
(F), KCC2 (green) and GADG67 (red) at PO and P@aJ), Around birth, KCC2 was mainly
expressed in neuronal cell bodies in the neocortex (arroks @). The MAP2+ pyramidal
neurons and the GAD67+ interneurons showed cytoplasmic stained puncta, probably vesicles,
spreading to proximal dendriteg,(G). In P40 neocortex, KCC2 was also found in dendrites
(white arrowheads iifr) and outlinedarrow inF) pyramidal cell membranes (asterisksHn

H), whereas only a small fraction of the GAD67+ dendritic shafts (yellow arrowheads in D)
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also displayed KCC2 labely. In TH (), KCC2 was found in the dendritic neuropil of all TH
neurons, and in the medial border of RT, where it displayed colocalization with GAD67
(yellow arrowheads id). MZ, marginal zone; CP, cortical plate; SP, subplate; DT, dorsal
thalamus; TEHhalamic eminence. Scale bars: 20 (Boale bars20 um (AD, H, I); 10 um

(E, G); 50 um (F).

Fig.5Ef f e c tv28@Lfon KCX2 expression in heocortex during postnatal

development.

Immunofluorescence for KCC2 (green) counterstained with NeuroMdaed; NT) and
Hoechst (blue), i n PFC {vagylLegB, F,V)med, at®d@ RL ( A,
indicated ages. The corresponding densitometric analyses are summarized in the bar graphs
for layers II/lll and V from P8 (n = 3), P21 (n = 3) and P60 (n = 8) mice in PFC (respectively
C, G, K), and SS (respectively D, H, L). Bars give average fluorescenaosiiptealues

divided by the number of neurons. At P8, KCC2 expression in PFC layer V (C) was
signi fi can4v28yL (d0.33 wE004si0.A9 £®.214n CTRL; p < 0.01, with-test;

n = 3) (C). The opposite was observed at P60, when KCC2 significacitbased in layer V

of -VR&L (0.98 £ 0.06, vs. 0.81 + 0.05 in CTRL; p < 0.05, witast; n = 8) (K). No

statistical difference between genotypes was obsenvB88(with t-test) Scale bar: 20 pum.

Fig. 6 Colocalization of KCC2 and GADG67 in PFC laye V of mice expressing or noth 2
V287L.

Double immunofluorescence images in PFC layer V at P60, combining KCC2 (green) and
GADG67 (red) localizations with nuclear staining with Hoechst (blue), for CTRL (Apad

E

V287L (B). The corresponding single labelihgpr KCC2 i s shown in (A0)

for b 2/287L. Data represent the results obtained in 3 mice for each genotype. In CTRL,
GADG67+ neurons showed a weak KCC2+ staining of somatic neuronal membranes (white

arrowheads), but marked KCC2+ outlinegpoy r a mi d a | neuronsod somat a

In b 2/287L, the KCC2 immunoreactivity pointed out somatic outlines also on some
GAD67+ neurons Staesar:-@duyms ks i n BO) .

Fig. 7Ef f e c tV28@Lfon tha?amic expression of KCC2 at P60.
Represerdtive immunofluorescence images for KCC2 (green) counterstained with Hoechst
(blue), in TH nucV287L (Bpniice.CHekRdrrespoAding densdométriz

analyses are shown in the bar graphs (C), for RT and VB nuclei, as indicated. Datarare give
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as mean fluorescence intensity values divided by the number of neMrions.e b e-ar i ng bz
V287L displayed a decreased KCC2 amount in RT (1.38 £ 0.07, vs. 1.77 £ 0.04 in CTRL; p <

0.01; DF = 4; unpaired twsample #test with equal variance assumed; n =N\B).significant

difference was observed in VB (p = 0.777; DF = 4; unpairedsavople {test with equal

variance assumed; n = Jcale bar: 20 pum.

Fig. BEf f e c #vV28@Lfon IRKZC1 expression in developing PFC and TH.
Representative images ofmunofluaescence for NKCC1 (red) counterstained with Hoechst
(bl ue), I n PFC |l ayer V (A, GCV287a mick, aP#HA,nuc | e
E) and at P60 (C, GYhe corresponding densitometric analyses are summarized in the bar
graphs for layerslll and V from P8 and P60 mice in PFC (respectively B and D) and in
thalamic nuclei RT an¥B (F, H), at P8 (B, F) and P60 (D, H). Data are expressed as mean
fluorescence intensity divided by the number of neurons. At P8 (n = 3) and P60 (n = 3), no
significantdifferences were observed in NKCC1 expression betweerLCTR n-4W287.,2

in either PFC or THFor example, in RT at P6@he mean fluorescence per cell was 0.73 +
0.046 in CTRL, -¥28% (pE 0.396;NF H2.0318pairechitesbadsuming
unequal variancesin VB, the corresponding values wer®®+ 0.1 (CTRL) and 1.13 + 0.09

( B\2287; p = 0.27; DF = 4; unpaireddst, assuming equal variancesgale bar: 20 pum.

Fig.9T h e e f f-€28%L orotlie GABAergic switch.

The timecourse of Easa Was followed by perforatedatch experiments. Lay®f pyramidal

neurons were studied at® or adult stages. (A) Representative current traces (averages of

5 trials), elicited by v-¥a8ILarCCedRLMrEangss (500 ms
indicated. The ramps betwee8b and-40 mV are relative to aduiice. The ramp between

80 and-20 mV is relative to a P8 mouse. The background current was always subtracted to

the current measured in the presence of GABA. (B) AveragesEvalues at the indicated
stages, i nV28/L Rice.Datailed sthtidtis are given in the main text.
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Table 1

Developmental distribution of NKCC1 and KCC2 in the forebrain of WT mouse

E14E15 PO-P2 P7 P13P21 P46-P60
KCC2 NKCC1 KCC2 KCC2 | NKCC1 KCC2 NKCC1 KCC2
PFC +/- +++ + ++ ++ +++ ++ +++
SS +/- +++ ++ ++ ++ ++ ++ ++
TH ant + +++ ++ +++ ++ +++ ++
TH me +/- ++ +++ ++ +H++ + ++ +
TH VB + +++ A+ | A | ++ +++ ++
TH RT ++ +++ ++ 3 ++ +i+ ++ +H+
TH LG +++ +++ A+ | A | +++ +++ +++

Semtiquantitativeanalysis othedistribution of Cl transporters in different brain regions, at
different ages, based on immunohistochehiocalization, using antflKCC1 or antiKCC2
antibodies, as indicate@ihe comparison between neonatal and P40 sfag&CC2was also
carried out by desitometric analysiswith analogous results (not showRF-C: prefrontal

cortex; SS: somatosensory cortex; TH ant: anterior thalamic area; TH me: medial thalamus,
i.e. intralaminar and midline nuclei; TH VB: thalamic ventrobasal complex; TH RT: reticular
thalamic nucleus; TH LG: lateral geniculate thalamic nucl@mnprising botldorsal and

ventral lateral geniculate nucjei

-: negative; ++: scarce; +: moderately positive; ++: positive; +++: markedly positive
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Table 2 Ex pr e s s i-\287L oid notfalter V.t and the firing properties of
pyramidal cells in PFC layer V.

Viest Spike width 4"spike interval/ AHP N
(mV) (ms) 1¥'spike interval mV
CTRL -69.4 £ 0.63 1.52 £ 0.08 8% 0.1 -9.3+0.49 11
b 2/287L -68.9 + 0.52 1.51 +0.05 9% 0.09 -9.3+0.59 9

Mice were aged P3P50. Theratios between the fourth and the first spike interval were

calculatedn the presence of a 200 pA stimulation, and average firing frequency of ~15 Hz.

No statisticaldifferencewas observed et ween mi ce e XP87le(with i n ¢

unpaired test).AHP: afterhyperpolarization.
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HIGHLIGHTS

NKCC1 and KCC2were studied imicebearingo r  n-¥287L pa nAChRsubunit linked
to sleeprelated epilepsYADNFLE).

After birth, the KCC2/NKCC1 ratio increased in neocortex, and KCC2 wagrgssively
found inthe somatodendritimembranes.

In PFC,KCC2 expression (and the GABAergic switch) was delaye #/287L around P8,
butreachecdhigher amountat P60.

At birth, NKCC1 and KCC2avereabundanin thalamusBy P40,KCC2 declinedin RT, and
moresd n mi ce -W287.r i ng b2

The regulatory interplay betweén2 * A @dKCE?2 in PFC and thalamumay contribute
to the pathogenesis of ADNFLE.
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